+ cytotoxic T lymphocytes (CTLs) contribute to antimicrobial defense against intracellular pathogens through secretion of cytotoxic granule proteins granzyme B, perforin, and granulysin. However, CTLs are heterogeneous in the expression of these proteins, and the subset(s) responsible for antimicrobial activity is unclear. Studying human leprosy, we found that the subset of CTLs coexpressing all three cytotoxic molecules is increased in the resistant form of the disease, can be expanded by interleukin-15 (IL-15), and is differentiated from naïve CD8 + T cells by Langerhans cells. RNA sequencing analysis identified that these CTLs express a gene signature that includes an array of surface receptors typically expressed by natural killer (NK) cells. We determined that CD8 + CTLs expressing granzyme B, perforin, and granulysin, as well as the activating NK receptor NKG2C, represent a population of "antimicrobial CTLs" (amCTLs) capable of T cell receptor (TCR)-dependent and TCR-independent release of cytotoxic granule proteins that mediate antimicrobial activity.
INTRODUCTION

CD8
+ cytotoxic T lymphocytes (CTLs) are known to contribute to host defense against intracellular pathogens through production of interferong (IFN-g) and by killing of infected target cells. In animal studies, both conventional and nonconventional T cells appear to contribute to protection against Mycobacterium tuberculosis (1) . Human CD8 + T cells have been shown not only to lyse macrophages infected with intracellular mycobacteria (2) but also to have the capacity to exert antimicrobial activity independent of their ability to secrete IFN-g, mediated by a secretory granule-dependent mechanism (3) . A number of potential mediators of antimicrobial activity have been delineated, including granzyme B (GZMB), perforin (PRF), and granulysin (GNLY) (4, 5) . PRF is largely responsible for lysing infected cells recognized by CD8 + T cells, GZMB can kill intracellular parasites by degrading their defenses against oxygen radicals, and GNLY is important for intracellular killing of bacteria and pathogens (6, 7) . Multiple lines of evidence indicate the importance of CD8 + CTLs in host defense against one such intracellular pathogen, M. tuberculosis. Depletion of CD8 + T cells in mice (8) and nonhuman primates results in marked increases in growth of the pathogen. Furthermore, the clinical use of infliximab has established the importance of CD8 + T cells in human resistance to tuberculosis. This drug binds to cell surface tumor necrosis factor (TNF) expressed by cytotoxic CD8 + T effector memory RA (T EMRA ) cells, which express GNLY, resulting in their depletion, and this is associated with reactivation of tuberculosis (9) . In addition, GNLY is up-regulated along with PRF after Bacille Calmette-Guérin (BCG) vaccination (10) . CD8 + T cells are heterogeneous in their expression of cytotoxic granule proteins, with some cells expressing only one cytotoxic protein and others expressing multiple cytotoxic proteins (11) . Therefore, the specific CTL granule components that are necessary and sufficient for intracellular killing remain unclear. The heterogeneous expression of cytotoxic molecules across the CTL compartment creates a situation in which some CTL populations may have the capacity to lyse infected cells, but not kill the intracellular bacteria contained within. In this case, CTLs with the capacity only to lyse infected cells may release viable bacilli and contribute to the spread of infection. However, if some CTLs have the capacity to not only lyse the infected macrophages but also deliver antimicrobial molecules, the pathogens could then be killed intracellularly, limiting dissemination. Consistent with this hypothesis, it has recently been established that the frequency of T cells expressing these three cytotoxic proteins [GZMB, PRF, and GNLY; i.e., tricytotoxic T lymphocytes (T-CTLs)] correlates with protection against M. tuberculosis (11). Two reasons limit exploration of which CTL subsets have the functional antimicrobial activity. First, GNLY is not naturally expressed in mice (12) , and therefore, studies on the role of GNLY are limited to either human models of infection that prohibit deletion of specific immune populations or mice rendered transgenic for human GNLY. Second, the CTL compartment is heterogeneous in the expression of cytotoxic granule proteins such that identification of CTL subsets expressing GNLY or other granule proteins requires permeabilization and chemical fixation, thus precluding functional studies.
To characterize the human CTL subsets responsible for host defense against intracellular pathogens, we took advantage of the human disease leprosy, caused by infection with the intracellular bacterium Mycobacterium leprae. Leprosy has provided an extraordinary model to investigate the human immune system's response to a microbial infection because it presents as a clinical and immunologic spectrum (13, 14) , providing an opportunity to study resistance versus susceptibility to widespread infection. Patients with the resistant tuberculoid form (T-lep) manifest 1 strong cell-mediated immunity (CMI) to the pathogen, skin lesions are few, and bacilli are rare. However, CMI is absent or diminished in the progressive lepromatous form (L-lep) (14, 15) , skin lesions are numerous, and growth of the pathogen in macrophages is unabated. Clinical presentations of leprosy correlate with the innate and adaptive cytokine profiles at the site of disease (15, 16) . Of relevance, expression of the antimicrobial protein GNLY in leprosy patient lesions has been shown to correlate with host defense against M. leprae (5). Here, we addressed whether distinct CTL subsets differentially contribute to the host antimicrobial responses against human intracellular pathogens, including M. leprae.
RESULTS
CTLs exist in heterogeneous populations that differ in a susceptible versus protected state of infection
To elucidate which cells may be responsible for delivering the necessary microbicidal payload to control intracellular infection, we examined CTL subsets in healthy donors by flow cytometry (Fig. 1A ) and confocal microscopy (Fig. 1B) . In general, we found three major subpopulations of CTLs: monocytotoxic T lymphocytes (M-CTLs) expressed only GZMB; dicytotoxic T lymphocytes (D-CTLs) expressed both PRF and GZMB; and T-CTLs expressed all three proteins GZMB, PRF, and GNLY. The defined M-CTL, D-CTL, and T-CTL populations comprised 95 to 99% of CD8 + CTLs in the nine donors studied, with the remainder composed of other combinations of cytotoxic proteins including GZMB and GNLY, or PRF and GNLY.
We examined the percentage of T-CTLs in peripheral blood of patients across the spectrum of leprosy to learn which populations were expanded to a greater extent in resistant T-lep versus progressive L-lep states of infection. Our results indicated that the frequency of T-CTLs in leprosy is greatest in the group of patients able to restrict the infection (Fig. 1C and fig. S1 ).
Cytokines control the T-CTL compartment
Because the clinical presentation of leprosy correlates with distinct cytokine profiles (15), we reasoned that the difference in percentage of T-CTLs found in T-lep, as opposed to L-lep, patients might be explained by the ability of distinct cytokines to trigger T-CTL differentiation and/ or expansion. Interleukin-15 (IL-15) is preferentially expressed in T-lep lesions (17) and has been previously shown in separate experiments to induce GNLY (18) , PRF (19) (20) (21) , and GZMB (20) in T cells. Therefore, we examined CTL subsets for expression of the high-affinity IL-15 receptor subunit IL2Rb. We found that IL2Rb is preferentially expressed on T-CTLs, as compared with M-CTLs and N-CTLs (noncytotoxic T lymphocytes; fig. S2A ). The expression of IL2Rb was variable on D-CTLs such that we subsequently compared the response of T-CTLs and M-CTLs with cytokines. Treatment of healthy donor peripheral blood mononuclear cells (PBMCs) with IL-15 or IL-2 induced an about fivefold expansion of the T-CTL subset, as measured by flow cytometry (Fig. 2A) . There was also an increase in the M-CTL subset ( fig. S2B ). However, stimulation through the T cell receptor (TCR) did not cause consistent expansion of T-CTLs ( Fig. 2A) , indicating that the effect of IL-15 was a specific function of its receptor.
IL-15 causes selective proliferation of T-CTLs
To determine whether IL-15 triggers the specific expansion of the M-CTL and/or T-CTL subsets, we used carboxyfluorescein diacetate succinimidyl ester (CFSE) labeling to interrogate cell division. We found that IL-15 induced cell division within the T-CTL but not the M-CTL compartment ( Fig. 2B and fig. S2C ). IL-15 also up-regulated GZMB expression, leading to the induction of M-CTLs ( fig. S2, B and C) . Thus, IL-15 PRF, and GNLY (T-CTLs). *P < 0.05. ns, not significant.
leads to the induction of M-CTLs and expansion due, at least in part, to the proliferation of T-CTLs.
Characterization of T-CTLs as CD8 + T EMRA cells Previous findings indicated that CD8
+ T EMRA cells (T effector memory cells defined as CCR7 − , CD45RA + ) contain the CTLs that express GNLY (9) . Because both IL-15 and IL-2 have been shown to influence the memory CD8 + T cell compartment (22) , the ability of T-CTLs to respond to IL-15 suggested a link to CD8 + T EMRA cells (22) , which we investigated by flow cytometry. Interrogation of the T-CTL population for CD8, CCR7, and CD45RA expression revealed that a mean of 75% (47 to 93%) of T-CTLs were composed of CD8 + T cells in seven donors analyzed (fig .  S3A ) and a mean of 86% (81 to 94%) of T-CTLs were composed of CCR7 − , CD45RA
+ T EMRA cells in five donors analyzed (Fig. 2, C and D) .
Epidermal Langerhans cells efficiently differentiate naïve CD8 T cells into T-CTLs
Further characterization of the memory T cell compartments revealed that although T-CTLs were composed primarily of CD8 + T EMRA cells, Identification of specific T-CTL surface markers receptors by RNA sequencing The identification of T-CTL subsets currently requires intracellular staining of cytotoxic granule proteins, which necessitates fixation and permeabilization and thereby precludes functional studies. To identify specific T-CTL surface markers to permit sorting of live cells, we performed RNA sequencing (RNA-seq) on fixed and sorted CTL subsets. Using this transcriptome sequencing data, we subsequently identified gene profiles for the T-CTL, D-CTL, and M-CTL populations relative to the N-CTL population in detail in two donors, as defined by all genes expressed twofold greater in each CTL population over the N-CTL population. A common signature of 520 genes in T-CTLs, D-CTLs, and M-CTLs, as compared with N-CTLs, was up-regulated in both donors ( fig. S4A ). Congruent with flow cytometry data, these common genes included the cell surface marker CD8 as well as the cytotoxic granule protein genes encoding GZMB, PRF, and GNLY and the IL-2 and IL-15 common cytokine receptor gene IL2RB. In addition, CTL transcription factors EOMES and RUNX3 were enriched in this common signature, known to drive memory CTL differentiation (23) . Consistent with flow cytometric data, further analysis of RNA-seq data demonstrated that although GNLY, PRF1, and GZMB mRNA were up-regulated in the joint CTL signature as compared with N-CTLs, expression was greatest in the T-CTLs > D-CTLs > M-CTLs ( fig. S4B ). In addition, T-CTLs (and D-CTLs) did not express CCR7 mRNA transcripts ( fig. S4B) . Analysis of the genes differentially expressed in the T-CTLs versus N-CTLs showed an~70% overlap between donors ( fig. S4C) .
A T-CTL-specific signature was derived by comparing the T-CTL gene profile with the D-CTL and M-CTL gene profiles, as outlined (Fig. 3A ). There were 105 and 131 genes identified in the T-CTLspecific signatures in each donor, respectively. Bioinformatics analysis unexpectedly identified "natural killer cell signaling" and "cross-talk between DCs and natural killer cells" as the top two canonical pathways in the specific T-CTL signature of both donors. Subsequent analysis of the specific T-CTL signature from the first donor revealed 23 genes that encode cell membrane proteins. We noticed that nine of these genes belong to the family of natural killer (NK) receptors plus TYROBP (DAP12), a known signaling component of this receptor family ( Fig. 3B and fig. S5 ), and similar results were observed with the specific T-CTL signature in the second donor ( fig. S6 ). Overlap of the specific T-CTL signatures between the donors revealed 26 common genes, 8 of which belonged to the family of NK receptors (Fig. 3C ). Analysis of surface NK receptor gene expression revealed that the number of NK receptors correlated with cytotoxic molecule expression. Specifically, we observed that as the number of cytotoxic molecular species increased from M-CTLs to D-CTLs to T-CTLs, the level of expression of NK receptor genes concomitantly increased ( Fig. 3D and fig. S7 ). In total, there were 15 NK receptor genes expressed by T-CTLs that were common in the donors studied ( fig. S6 ). Eight genes were the previously identified NK genes specific to T-CTLs and included KLRC1, KLRC2, KIR2DL3, KIR2DS4, KLRC4, KLRC3, KIR3DL1, and NCAM1. Seven GNLY  TYROBP  ITGAX  KIR2DS4  KLRC1  NCAM1  KLRC2  CCDC50  B3GNT7  KIR2DL3  KIR3DL1  DRAXIN  GLB1L2   TFCP2L1  METTL7A  SH3RF2  CD300C  GSTA4  GOLIM4  MYBL2  KLRC4  KCNA6  GSC  CYBRD1  KLRC3  LAT2 GZMB GZMB PRF NK cell surface markers are expressed on T-CTLs and can be used to purify viable T-CTLs RNA-seq identified eight-candidate NK surface markers specific to T-CTLs: KLRC1, KLRC2, KIR2DL3, KIR2DS4, KLRC4, KLRC3, KIR3DL1, and NCAM1 (Fig. 3 , C and D). To select genes for further study, we interrogated these surface markers to determine which had the highest differential expression on T-CTLs versus the next most closely related subset, D-CTLs. From the RNA-seq data, three markers-KLRC2 (NKG2C), KLRC1 (NKG2A), and NCAM1 (CD56)-best distinguished T-CTLs from D-CTLs ( fig. S9 ). Therefore, we measured expression of NKG2C, NKG2A, and CD56 by flow cytometry on T-CTLs from healthy donors.
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We found that T-CTLs expressed the greatest percentage of NKG2C + , NKG2A + , and CD56 + cells, as compared with the D-CTL, M-CTL, and N-CTL populations ( Fig. 3E and fig. S10 ), validating the RNA-seq data. Across 10 donors,~30% of all T-CTLs were NKG2C + , albeit with donor-to-donor variability congruent with the known genetic variation in NK receptor usage (24) . We confirmed that the NK receptorexpressing T-CTLs were in the CD8 + compartment ( fig. S11A ). Furthermore, we found that NKG2C selected for T-CTLs such that, generally, NKG2C + cells were more highly enriched for T-CTLs than NKG2A + cells and there were few T-CTLs in the NKG2A − NKG2C − population (figs. S11B and S12, A and B). Hence, NKG2C and NKG2A can be used as molecular markers to isolate enriched populations of T-CTLs and investigate their functional capacity, which was previously precluded by the need for intracellular flow cytometry to identify these cells.
Modulatory NK receptors function to augment and inhibit cytotoxic granule release on CD8 + CTLs NKG2C and NKG2A form heterodimers with CD94, which, upon activation, triggers a stimulatory versus an inhibitory response, respectively (25) (26) (27) . We sorted CD8 high cells, confirmed to be all CD3 + , which were either NKG2C + , or NKG2A + or double-negative, given that NKG2C and NKG2A expression was mutually exclusive in the donors tested. We investigated the function of these NK receptors on cytotoxic granule protein release by triggering sorted single-positive NKG2C and NKG2A populations using plate-bound anti-CD94 antibodies (25) , given that both populations contain T-CTLs. Stimulation of sorted CD8 + NKG2C + T cells with anti-CD94 resulted in the release of all three cytotoxic granule proteins (GZMB, PRF, and GNLY). In contrast, stimulation of sorted CD8 + NKG2A + T cells via anti-CD94 had little effect on release of cytotoxic granule proteins and was significantly different than the activation induced in NKG2C + cells (Fig. 4A) . Stimulation with isotype-matched control antibody had no effect on cytotoxic granule release in either NKG2A + or NKG2C + T-CTLs. We further explored whether NKG2A or NKG2C might modulate release of cytotoxic granule proteins from CD8 + T cells in the context of TCR activation by comparing stimulation with anti-CD3 plus anti-CD94 versus anti-CD3 alone. Activation of both NKG2A + and NKG2C + T cells with anti-CD3 alone induced the release of GZMB, PRF, and GNLY. Treatment of NKG2A + T cells with anti-CD3 plus anti-CD94 resulted in a reduction of all three cytotoxic granule proteins, as compared with anti-CD3 stimulation alone. On the other hand, stimulation of NKG2C + T cells with anti-CD3 plus anti-CD94 trended toward an increase in GZMB, PRF, and GNLY release, and was significantly different than the inhibition induced in NKG2A + cells (Fig. 4B ). These findings reveal that triggering of NKG2C activates T-CTLs to release cytotoxic granule proteins in a TCR-independent and TCRdependent manner relative to triggering of NKG2A, which inhibits cytotoxic granule release.
T-CTLs reduce the viability of intracellular mycobacteria more efficiently than other CD8
+ subsets To compare directly the antimicrobial and cytotoxic capacity of the T-CTL subset with that of the D-CTL subset in homogeneous T cell populations, we generated stable CD8 + CTL clones derived from peripheral blood and screened them for cytotoxic molecule expression. We screened these T cell clones by flow cytometry and cytotoxic protein expression by enzyme-linked immunosorbent assay (ELISA) after anti-CD3 activation, selecting one T-CTL clone (clone "T") and one D-CTL clone (clone "D") for further study ( fig. S13 ). Both clone T and clone D displayed equal levels of cytotoxicity toward anti-CD3-coated The log % change of the anti-CD94 plus anti-CD3 relative to anti-CD3 alone is shown. *P < 0.05, **P < 0.01, ***P < 0.001.
monocyte-derived macrophages (MDMs; Fig. 5A ). We tested these clones for their antimicrobial activity against Listeria monocytogenes given the role of CD8 + CTLs in protective immunity against this intracellular bacterium (28, 29) . The T-CTL clone mediated an antimicrobial activity of about double that of the D-CTL clone against L. monocytogenes in infected MDMs (Fig. 5B ). This indicates that although both the T-CTL and D-CTL clones can lyse target cells to the same degree, the T-CTL clone has greater antimicrobial activity.
We also tested the antimicrobial capacity of the different CD8 + CTL subpopulations against M. leprae, studying primary cells enriched from a group of four donors in which the CD8 + NKG2C + T cells contained, on average,~70% T-CTLs (Fig. 5D and fig. S12A , donors marked by an asterisk). From these donors, we cocultured NKG2C + or NKG2A + T cells with M. leprae-infected MDMs. After 24 hours, we measured bacterial viability by assessing the bacterial RNA-to-DNA ratio in the entire sample, because it is not possible to culture M. leprae, and determined the antimicrobial activity (30, 31) . After coculture with M. leprae-infected MDMs, the NKG2C + T cells (average,~70% T-CTLs) exhibited a significantly higher level of antimicrobial activity than NKG2A + cells (average,~15% T-CTLs) or the NKG2C − NKG2A − cells (average,~2% T-CTLs; Fig. 5C ). In the CD8 + NKG2C + effector T cell population, the absence of anti-CD3 reduced antimicrobial activity ( fig. S14 ). There was a significant positive correlation of antimicrobial activity with T-CTL enrichment but not with D-CTLs or M-CTLs; reciprocally, there was a significant negative correlation of antimicrobial activity with N-CTL enrichment ( fig. S15,  A to D + CTLs contained~20% T-CTLs (Fig. 5E and fig. S16 ). Together, these results define antimicrobial CTLs (amCTLs) as T-CTLs expressing NKG2C, capable of TCR-dependent and TCR-independent release of cytotoxic granule proteins that mediate antimicrobial activity.
DISCUSSION
A key function of CTLs is their ability to kill infected target cells, which, in viral infection, aborts maturation into infectious particles but, for bacterial infection, can lead to the release of viable organisms with the potential to disseminate. We identified at least one subset of amCTLs, defined by the functional capacity to potently kill intracellular bacteria, coexpression of the three cytotoxic granule proteins (T-CTLs), as well as the enrichment of the activating receptor NKG2C. These studies identify at least one unique functional T cell subset in host defense against some intracellular pathogens.
Because it has previously been possible to identify the cells expressing different granule components only on fixed and permeabilized cells, our result using RNA-seq that T-CTLs expressed NK receptors permitted the isolation and functional study of enriched T-CTLs, allowing the identification of amCTLs. Antibodies directed against two NK modulatory receptors, NKG2A and NKG2C, were used to directly isolate CTL subsets for functional experiments, revealing that T-CTLs had the greatest antimicrobial activity against M. leprae in infected macrophages. Furthermore, direct comparison of T-CTL and D-CTL subsets by generation of stable clones confirmed that T-CTLs displayed higher antimicrobial activity, whereas T-CTLs and D-CTLs displayed equal levels of cytotoxic activity toward host cells. These results suggest that the three cytotoxic proteins-GZMB, PRF, and GNLY-act together to equip amCTLs with the lethal weapons required to kill intracellular bacteria such as M. leprae and L. monocytogenes. The most comprehensive model would suggest that PRF disrupts the membrane of the targeted eukaryotic cell, allowing GZMB and GNLY to gain access to the compartment in which the bacteria reside. Next, GNLY binds to the intracellular bacterium damaging its membrane. In the case of intracellular parasitic infection, GZMB triggers host cell apoptosis and enhances killing of the bacterium via free radical generation by 
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GZMB cleavage of oxidative stress defense proteins (6, 7). Oxidative radicals, which are known to be microbicidal for many pathogens, may not be sufficient in the amounts produced to kill mycobacteria because they are highly resistant to killing by reactive oxygen species (32) . Conversely, several mycobacterial proteins that have important roles in metabolic and biosynthetic pathways have been shown to be GZMB substrates (6) . Thus, GNLY may play a more direct role in antimicrobial activity directly through damage to the bacterial cell wall (3, 4) and/or indirectly through permeabilization of the bacterial cell wall, allowing GZMB to enter and cleave bacterial substrates (6) . Through examination of the gene expression signature of CTL subsets, we unexpectedly found that the number of cytotoxic granule proteins expressed by the CTL subsets correlated with the frequency of NK receptors, with the most NK receptors found in T-CTLs, followed by D-CTLs, M-CTLs, and N-CTLs, respectively. Previous studies have implicated that several surface NK receptors have modulatory functions (activating or inhibitory) of cytolytic activity (25) (26) (27) 33) . Of the NK receptors we identified on T-CTLs, five are known to be activating, including NKG2C, and four have been defined as inhibitory, including NKG2A. Here, we show that these two receptors both marked the T-CTL subset but were, in general, mutually exclusively expressed at the individual cell level. We found that NKG2C and NKG2A had opposing effects on CTL function as defined by cytotoxic granule release. Stimulation through NKG2C alone is sufficient to trigger cytotoxic granule release and had little effect on TCR function, whereas stimulation through NKG2A does not induce cytotoxic granule release and inhibits TCR function. Therefore, the expression of NKG2A on some T-CTLs may serve to negatively regulate their function. In addition, we show that the frequency of NK receptors increased as CTLs expressed more granule proteins. Together, our data suggest that CTL antimicrobial activity may be controlled by both TCR ligation and engagement of activating and inhibitory NK receptors such that these receptors may act as checkpoints or costimulators to modulate CTL function. The identification of other activating receptors expressed on terminally differentiated T-CTLs, including KLRC3, KLRC4, KIR2DS4, and KLRF1, raises the possibility that there may be a spectrum of other subsets of amCTLs yet to be defined.
The result that NKG2C activation of CD8 + T-CTLs induced cytotoxic granule release in the absence of anti-CD3 stimulation revealed a TCR-and hence antigen-independent mechanism of T-CTL activation. This finding elucidates an innate-like pathway for activation of this antimicrobial T cell subpopulation. Activation of CD8 + T cells via NKG2D, independent of TCR ligation, is thought to contribute to liver injury in hepatitis A infection (34) . NKG2A and NKG2C, when complexed with CD94, both bind human leukocyte antigen E (HLA-E) loaded with major histocompatibility complex (MHC) class I leader peptides (35) . HLA-E-restricted CD8 + T cells that recognize M. tuberculosis have been reported to vary in their cytotoxic versus immunoregulatory capacity (36) (37) (38) (39) (40) (41) (42) such that examination of the antimicrobial capacity of these T cells is now warranted.
In mouse models of bacterial and viral infection, CD8 + T cells bearing NK receptors have been observed and are thought to represent clones of antigen-specific T cells (33) . In humans, NK receptor-bearing CD8 + ab T cells have been found to comprise up to 5% of circulating CD8 + T cells (43) and are typically thought to represent subsets of terminally differentiated CD8 + memory or effector T cells (44) . Furthermore, NK receptor-expressing CD8 + T cells have been shown to have cytotoxic activity (45, 46) . Our result that amCTLs are a subset of T EMRA cells is consistent with the reported finding that some T EMRA cells also express NK receptors (47) , consistent with the ordered expression of cytotoxic granule proteins during CD8 T cell differentiation (9, 48, 49) . In addition, NK receptors are expressed on a subpopulation of CD4 + T cells (50) , which are present at sites of viral infection (51) .
Several lines of translational evidence point to a key role for amCTLs in human host defense against intracellular mycobacteria. We reported previously that PRF and GNLY were more strongly expressed in T-lep versus L-lep lesions (5) . Here, we found that the frequency of T-CTLs is greater in PBMCs from patients with the selflimited T-lep form of leprosy compared with the progressive L-lep form and the T-CTLs in T-lep express the amCTL marker NKG2C. Similarly, the frequency of T-CTLs in peripheral blood correlates with protective immunity in tuberculosis (11) . Finally, reports showing that the anti-TNF-a biologic infliximab causes reactivation of latent tuberculosis and depletes CD8 + T EMRA cells, a cell population that we show contains the T-CTL subset, in vitro and in vivo (9) , are compelling examples of the importance of these cells in resistance to intracellular pathogens in humans.
Identification of the signals that govern induction and expansion of the amCTL compartment is pivotal to the development of strategies to modulate this response in the prevention and/or treatment of clinical infection caused by intracellular pathogens. The finding that T-CTLs constitutively express high levels of IL2Rb led to the realization that these cells are a subset of effector memory T cells that can be expanded by either IL-15 or IL-2. In addition, we found that epidermal LCs, but not dermal CD14 + DCs, induce naïve CD8 + T cells to differentiate into T-CTLs, consistent with the known ability of LC to facilitate the differentiation of naïve CD8 + T cells into CTLs (52) . Together, these results reveal a distinct functional capacity for skin LCs and suggest that the tissue microenvironment in which the immune system in the skin encounters pathogens dictates differential immune responses. The stronger expression of IL-15 in T-lep versus L-lep patients may contribute to the induction and expansion of T-CTLs in T-lep patients.
Our characterization of amCTLs, a subset of CD8 + CTLs that can exert antimicrobial activity, as well as establishing the methods to induce them with LCs and expand them with IL-15 or IL-2, offers new possibilities for translational application and potential therapy. It appears that production of IFN-g by CD4 + T cells within granulomas is not sufficient to assure protection against tuberculosis. CD8 + T cells are localized to the periphery of granulomas in both leprosy (53) and tuberculosis (54, 55) . One possible function of these cells, we would suggest, may be to serve as guardians of the granuloma, killing macrophages and their intracellular pathogens in the process of escaping the granuloma, thus reducing dissemination of the infection.
Unlike T-CTLs, D-CTLs do not express GNLY, indicating that the antimicrobial protein GNLY is essential for human host defense against intracellular pathogens. GNLY is not present in mice (12, 56) such that the critical function of this antimicrobial protein by CTLs in human host defense cannot be directly studied in standard mouse models of infection. Consistent with our data, transgenic mice engineered to express human GNLY indicated a synergy of these granule proteins against Escherichia coli and intracellular parasites (6, 7). However, it remains difficult to draw conclusions about the differentiation and function of transgenic CTL subsets and how they may compare with the true function of a human immune response. In addition, the effect of NK modulatory receptor function on antigen-specific TCR activation remains to be fully determined because we were obliged to rely upon anti-CD3 redirected TCR activation given that antigenspecific CD8 + CTL T cell clones from leprosy patients have been difficult to isolate and maintain. Last, our results included two intracellular bacteria (M. leprae and L. monocytogenes) such that it remains to be determined the extent to which the present findings will extend to other bacterial species or intracellular parasites. In terms of translational application, the association of T-CTLs with host defense in leprosy and tuberculosis (11) suggests that a combination of the identified T-CTL cell surface receptors described here could be used as biomarkers to monitor the role of CD8 + T cells in protective immunity in ongoing vaccine trials. In addition, regulating amCTL function by small molecules or cytokines may enhance immunotherapy. Last, the finding that CTLs contain activating and inhibitory surface NK receptors suggests that the license to kill a target may depend not only on cognate TCR-MHC recognition but also on the matrix of inhibitory or activating receptors and their ligands expressed by the CTLs and the target cell. In summary, the present studies have defined and characterized a functional subset of human CD8 + T cells that has antimicrobial activity against intracellular pathogens, the conditions for their differentiation from T N cells, and a complex framework that modulates their activity.
MATERIALS AND METHODS
Study design
This study was aimed at identifying the human CD8 + cytotoxic T cell subsets that may be important for controlling intracellular bacterial infection. Human peripheral blood was collected at two locations, either at University of California, Los Angeles (UCLA) or through collaborations with University of Southern California, as outlined below. Researchers were not blinded as to the source (healthy donors versus leprosy patients) of the blood samples. All blood collections were carried out with informed consent according to institutional review board protocols. Patients and healthy donors Leprosy blood specimens were obtained through collaborations with M.T.O. at the Los Angeles County/University of Southern California Medical Center. The diagnosis of leprosy was established by means of clinical criteria according to Ridley and Jopling (13) . Healthy donors served as controls and were used for baseline examination. We were blinded as to the race of the leprosy patients, but on the basis of epidemiology of the leprosy patients in Los Angeles, most patients are of Hispanic or Asian descent; a large proportion of healthy donor blood comes from donors in these ethnic/gender categories to best match the population of leprosy donors. Isolation and expansion of CTL subsets from PBMCs and human T cells using cytokines PBMCs were isolated from the peripheral blood of healthy donors, or patients with a diagnosis of leprosy, using Ficoll-Paque gradients (Amersham Biosciences). T cells were negatively selected by subjecting PBMCs to magnetic bead separation using immunomagnetic negative selection (EasySep, STEMCELL Technologies) and then cultured in RPMI 1640 with 10% fetal calf serum (FCS; HyClone) with or without cytokines for 5, 7, or 12 days. The following cytokines were used: IL-15 (15 ng/ml; R&D Systems and a gift from T. Waldman at the National Institutes of Health), 50 nM IL-2 (Chiron), and anti-CD3/CD28 microbeads (Dynabeads, Gibco). Confocal microscopy CD3 + T cells were adhered to poly-L-lysine-coated slides (1 mg/ml; Sigma). The cells were surface-stained with anti-human CD3-Pacific Blue (clone UCHT1, BioLegend) or isotype-matched control antibody. After fixation and permeabilization (BD Cytofix/Cytoperm, BD Biosciences), the cells were stained intracellularly with anti-human GNLY (clone DH4), anti-human PRF (clone dG9, BD Biosciences), and antihuman GZMB (clone GB11, Thermo Fisher Scientific) or isotypematched control antibodies. Isotype-specific fluorochrome-conjugated (Alexa Fluor 488, 568, and 647) secondary antibodies were incubated with the cells, and slides were mounted with ProLong gold antifade reagent and a coverslip. Immunofluorescence images were taken using a Leica SP5 microscope at the Advanced Light Microscopy/Spectroscopy Core Facility Laboratory, California NanoSystems Institute, UCLA. Calculating the percentage of CTL subsets T-CTLs were defined as CD3 + cells coexpressing GZMB, PRF, and GNLY. The %T-CTL of CD3 + T cells was calculated using multicolor flow cytometry by dividing the number of T-CTL events by the total number of CD3 + events. FlowJo software (FlowJo LLC, Ashland, OR) was used to analyze flow cytometry data. Analysis of memory subpopulations Fluorescence-activated cell sorting (FACS) was used to analyze memory subpopulations of T-CTLs. Cells were labeled with combinations of CD3, CD8, CCR7, and CD45RA to distinguish between T N , T CM (central memory T cells), T EM (effector memory T cells), and T EMRA cells. T cell proliferation PBMCs were isolated from donors as described above. Cells were labeled ex vivo with 0.5 mM CFSE (CellTrace, Invitrogen) and cultured with IL-15 (15 ng/ml), medium, or aCD3/aCD28 microbeads. Flow cytometry was used with CD3, CD8, CD4, GZMB, PRF, GNLY, and CFSE staining to interrogate proliferation within the T-CTL, D-CTL, M-CTL, and N-CTL compartments by examining CFSE dilution. FlowJo software (FlowJo LLC) was used to analyze flow cytometry data. Priming CTL subsets using skin DCs LCs or dermal CD14 + DCs were isolated from cells that migrated from skin specimens, as described (52, 57) . DCs (live Lin − HLA-DR + ) were sorted on the basis of CD1a, CD1c, and CD14 expression. Naïve T cells were enriched using the Pan-Naïve T Cell Isolation Kit (STEMCELL Technologies) according to the manufacturer's protocol and sorted as CCR7 + CD45RA + CD8 + cells. T cells were then CFSE-labeled and cultured with allogeneic sorted skin DCs at a DC:T cell ratio of 1:40 for 7 days in the presence of IL-7 (10 ng/ml) and IL-2 (10 IU/ml; added on day 2). CD40L (100 ng/ml) was used to activate the DCs, and GZMB, PRF, and GNLY expression was assessed by flow cytometry. Cell sorting of CTL populations and RNA isolation from fixed and sorted cells RNA was isolated from fixed sorted cells based on the MARIS (method for analyzing RNA following intracellular sorting) protocol, as described by Hrvatin et al. (58) . Briefly, we used FACS to obtain highly purified populations of T-CTLs, D-CTLs, M-CTLs, and N-CTLs from donors based on staining with CD3, GZMB, PRF, and GNLY, as described above. Before sorting, cells were fixed in 2% electron microscopy-grade paraformaldehyde (Electron Microscopy Sciences) and permeabilized with 0.5% deoxyribonuclease (DNase)/ribonuclease (RNase)-free saponin (Sigma) to permit intracellular staining. All staining and sorting took place in DNase/RNase-free phosphate-buffered saline (PBS) supplemented with microbiology-grade bovine serum albumin (Gemini Bio-Products) in the constant presence of RNasin plus RNase inhibitor (Promega) 1:25 to 1:100 (1:100 for washes and 1:25 for staining and sorting). After sorting, RNA was isolated using the RecoverAll Total Nucleic Acid Isolation Kit (Ambion), as per the manufacturer's instructions, with the same modification to the protocol used as described by Hrvatin et al. (58) .
RNA-seq of cytotoxic cell populations Sequencing libraries were constructed from RNA using Illumina TruSeq Stranded Total RNA Sample Prep and sequenced at the Clinical Microarray Core at UCLA by single-end sequencing on an Illumina HiSeq3000. Analysis of RNA-seq data RNA-seq analysis was performed as described (59) . Briefly, sequenced reads were demultiplexed and aligned to the human reference genome hg19 (University of California, Santa Cruz) using TopHat (version 2.0.6). The HTSeq package was then used to assign uniquely mapped reads to exons and genes using the gene annotation file for build hg19 from Ensembl to generate raw count data. Data normalization and differential expression analysis using a negative binomial model was performed in the R statistical programming environment using the DESeq2 Bioconductor package. Analysis of genes expressed across CTL populations and generation of the CTL-specific signatures To determine the M-CTL, D-CTL, and T-CTL gene profiles, we selected genes that were expressed twofold or greater in each subset compared with N-CTLs. To determine the M-CTL-, D-CTL-, and T-CTL-specific signatures, we performed three-way comparisons of the gene profiles. For example, to generate the "T-CTL-specific signature," we compared the "T-CTL gene profile" with the "D-CTL gene profile" and "M-CTL gene profile," selecting genes that were more strongly expressed in the T-CTL profile versus both the D-CTL and M-CTL profiles. + cells were incubated overnight in RPMI 1640 (Gibco) supplemented with 10% AB serum (Sigma), penicillin, streptomycin, and L-glutamine (Gibco), sodium pyruvate (Gibco), 55 mM 2-mercaptoethanol (Gibco), 12.5 mM Hepes (Gibco), 0.5× nonessential amino acids (Gibco), 0.25× essential amino acids (Gibco), gentamicin (10 mg/ml; Gibco), 1 nM IL-2 (Chiron), IL-7 (5 ng/ml; BioLegend), and IL-15 (5 ng/ml; R&D Systems). After overnight incubation, cells were stimulated with medium alone, plate-bound anti-CD94 (100 mg/ml), plate-bound anti-CD20 isotype-matched control (100 mg/ml), anti-CD3 microbeads, or anti-CD3 microbeads in the presence of plate-bound anti-CD94 (100 mg/ml). For these experiments, we used a suboptimal dose of anti-CD3 so that it would be possible to augment and inhibit responses-10% of the manufacturer's recommended concentration was used as determined by titration experiments. After 24 hours of stimulation, GZMB (Abcam), PRF (Abcam), and GNLY (R&D Systems) release was measured by ELISA as per the manufacturer's instructions. The effect of anti-CD94 versus medium was calculated as log {[(aCD94 − medium)/medium] × 100}. The effect of anti-CD94 plus anti-CD3 versus anti-CD3 was calculated as log {[(aCD94&aCD3 − aCD3)/ medium] × 100}. Generation of clones T cell clones were generated as previously described (60, 61) . Briefly, PBMCs were isolated from whole blood of T-lep donors, and DCs were generated by CD14 + negative selection without CD16 depletion (STEMCELL Technologies), followed by culture in RPMI 1640 with 10% FCS, granulocyte-macrophage colony-stimulating factor (GM-CSF; 800 IU/ml), and IL-4 (1000 IU/ml). On day 5, DCs were harvested and cultured with RPMI 1640 medium supplemented with 12.5 mM Hepes, 4 mM L-glutamine, penicillin (100 U/ml), streptomycin (100 mg/ml), 50 mM b-mercaptoethanol, and 10% AB human serum and pulsed with ML0049 peptide pool (10 mg/ml) for 2 hours. These cells were then mixed with CD8 + T cells isolated by negative selection (STEMCELL Technologies) from the same donor in 96-well U-bottom plates to create CD8 + T cell lines. T cell lines were refed or split 1 to 2 every 3 to 4 days depending on confluence, using the same medium with IL-7 (5 ng/ml; BioLegend), IL-15 (5 ng/ml; R&D Systems), and 1 nM IL-2 (Chiron). After 2 weeks, all cells were collected and positively selected CD8 + T cells were then cloned by limiting dilution in 96-well U-bottom plates in the presence of 200,000 irradiated (75 Gy) allogeneic PBMCs, 40,000 lymphoblastoid cell line (provided by D. Lewinsohn), anti-CD3 (10 ng/ml; clone OKT3, eBioscience), IL-7 (5 ng/ml), IL-15 (5 ng/ml), and 1 nM IL-2. Clones were either split 1 to 2 or refed with fresh medium and cytokines every 3 to 4 days. After 2 to 4 weeks, clonal populations were tested for expression of GZMB, PRF, and GNLY by flow cytometry.
Generation of target cells
To assess the antimicrobial activity directed toward M. leprae-or L. monocytogenes-infected cells, we used infected MDMs as targets. MDMs are known to have a high capacity to engulf and become infected by mycobacteria but a low intrinsic ability to kill without the presence of IFN-g (62), making them ideal targets for our assays. Briefly, 5 to 7 days before infection with bacteria, monocytes were purified from peripheral blood using Ficoll-Paque gradients (Amersham Biosciences) followed by negative selection of CD14 + CD16 + cells using the EasySep Human Monocyte Enrichment Kit without CD16 Depletion (STEMCELL Technologies). Negatively selected cells were cultured for 5 to 7 days in RPMI 1640 with 10% superlow immunoglobulin FCS without antibiotics in the presence of M-CSF to differentiate into MDMs, as previously described (62) (63) (64) . After 5 to 7 days, MDMs were infected with M. leprae at a multiplicity of infection (MOI) of 10 or with L. monocytogenes at an MOI of 1.
Coating MDMs with aCD3
Because isolated effector CTL subsets were of varying TCR specificities, we coated MDM target cells with aCD3 (20 ng/ml) by incubating with this antibody for 15 min before admixing effector cells, as previously described (7, 26) . Briefly, 24 hours after infection with bacteria, MDMs were washed and then admixed with aCD3 (20 ng/ml) in complete medium. Cells were subsequently washed and were then ready to be mixed with effector cells. Cell sorting of viable cytotoxic cell populations FACS was used to purify CD8 + T-CTLs from other populations of CTLs by labeling cells with aCD3, aCD8, and combinations of the identified surface markers that were previously validated. To sort, staining was performed in sterile PBS with 10% FCS, and sorting was performed in complete medium. Bacteria M. leprae was provided by R. Lahiri (National Hansen's Disease Programs, 6 Health Resources Service Administration, Baton Rouge, LA). M. leprae was grown in the footpad of nu/nu mice, as described (65) . The Lm-ActA-attenuated 10403S-strain of L. monocytogeneswas provided by G. Chen (UCLA) (66) . Antimicrobial assays CTL subsets or clones were admixed with differentiated, infected, and anti-CD3-coated (or not) MDM cells, as described above in effector-totarget (E:T) ratios of 2:1. After 24 hours of incubation, all cells were lysed and antimicrobial activity was quantified as described below. Determination of cellular cytotoxicity Eukaryotic cytotoxicity of T cell subsets was determined by lactate dehydrogenase (LDH) release using the CytoTox 96 NonRadioactive Cytotoxicity Assay Kit (Promega), as per the manufacturer's instructions. Determination of L. monocytogenes viability L. monocytogenes viability was determined by colony-forming unit (CFU) assays after plating total lysates and supernatant from experimental wells (67) . Determination of M. leprae viability and quantification of antimicrobial activity Because it is not possible to culture M. leprae, traditional methods of assessing viability that rely on using CFU are precluded. Therefore, M. leprae viability was determined using the bacterial RNA-to-DNA ratio, as previously described (31, 59) . Because RNA from lysed cells degrades more rapidly than RNA from intact cells and DNA is more stable than RNA, the mycobacterial RNA-to-mycobacterial DNA ratio, determined through quantitative polymerase chain reaction (qPCR), can be used as a surrogate indicating viability. RNA and DNA were isolated using TRIzol reagent by using the phenol-chloroform and back-extraction method, respectively (manufacturer's suggested protocol). Isolated RNA was DNase (Qiagen)-treated, and complementary DNA (cDNA) was subsequently synthesized using the iScript cDNA Synthesis Kit (Bio-Rad). Bacterial viability was determined by a qPCR-based method, as previously described (30, 31) . Briefly, the levels of bacterial 16S ribosomal RNA (rRNA) and a genomic DNA element, RLEP for M. leprae, were measured by qPCR. The 16S rRNA and DNA element values were determined by using the DDC T analysis, with the DNA value serving as a housekeeping gene. The ratio of RNA to DNA was calculated from averages, and the percent of bacterial viability was calculated relative to MDMs admixed with predominantly noncytotoxic T cells (CD8
− population). Primers for M. leprae 16S and RLEP were previously reported (30, 31, 68) . Antimicrobial activity was determined by normalizing the RNA-to-DNA ratio from conditions with admixed NKG2C + or NKG2A + T cells to the RNA-to-DNA ratio calculated from conditions with NKG2A −
NKG2C
− T cell subset (control) and calculated according to the equation below. 
Flow cytometry antibodies
The following antibodies were used: aCD3-PerCP (peridinin chlorophyll protein) (clone SK7, BD Biosciences), aCD3-Pacific Blue (clone UCHT1, BioLegend), aCD3-UV395 (clone SK7, BD Biosciences), aCD8-BV605 (clone RPA-T8, BioLegend), aCD4-PE (phycoerythrin)-Cy7 (clone OKT4, BioLegend), aGZMB-APC (allophycocyanin) (clone GRB05, Invitrogen), aGZMB-Pacific Blue (clone GB11, BioLegend), aPRF-FITC (fluorescein isothiocyanate) (BD Biosciences), aPRF-PE-Cy7 (clone dG9, eBioscience), aGNLY-PE (clone DH2, eBioscience), aCCR7-BV605 (clone GO43H7, BioLegend), aCCR7-APC-Cy7 (clone G043H7, BioLegend), aCD45RA-PE-Cy7 (clone Hl100, eBioscience), aCD45RO-BV421 (clone UCHL1, BioLegend), aCD56-PerCP (clone HCD56, BioLegend), aCD56-APC (clone CMSSB, eBioscience), aNKG2A-FITC (Miltenyi), and aNKG2C-APC (Miltenyi).
Statistical analysis
Data sets were analyzed for normality using Prism. If normal, a Student's two-tailed t test was used for comparisons and carried out in Microsoft Excel. If data sets were not normally distributed, a nonparametric test was used to determine significance as indicated in the supplement and tests were carried out in Prism. If more than two data sets were compared, one-way analysis of variance (ANOVA) with Newman-Keuls multiple comparison posttest was used in Prism. Error bars in figures indicate SEM.
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